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ABSTRACT 

I 
The influence of aerodynamic heating on the structural strength, 

stiffness and life design of high-speed aircraft is discussed.    Critical design 

conditions are suggested for the strength and stiffness design of airframes ex- 

periencing elevated temperatures.    Fatigue and creep design specifications 

are discussed.    Safety factor requirements are   recommended. 
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NOMENCLATURE 

a
x probability distribution of aircraft strength 

b span 

c chord or length;   velocity of sound,    ft/hr 

c specific heat 

^x probability per flight hour of exceeding a load   x 

H c,~ y) distribution of root mean square gust velocity 

h altitude;   heat transfer coefficient ,BTU/ft2 0R hr 

m number of missions 

n normal  load factor 

n k given value of normal load factor 

q heat flux , BTUA ft2 

r recovery factor 

^ time 

u airstream velocity,    ft/hr 

v velocity 

x cartesian coordinate;   distance from transition point,    ft. 

y a random variable 

K thermal conductivity,    BTU/ft   0R hr. 

M Mach number 

M 
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p probability             * 

P[( )/( )] conditional probability 

P[( ),( )I joint probability 

Pr Prandtl number 

Q heat impulse 

T temperature,      0R 

T 
aw adiabatic wall temperature     0R 

TM. flight time of mission   M. 
i 

V 
cruise cruise velocity 

dive dive velocity 

V
e equivalent airspeed 

VL limit airspeed 

a thermal diffusivity 

/ specific heat ratio 

5 variation about mean value;    thickness 

total hemispherical emissivity 

M absolute viscosityj   lb sec/ft 

V kinematic viscosity^ ft /hr 

" density, slugs/ft 

standard deviation;   Stefan-Boltzmann constant 

power spectrum 

cr 

^(") 

u frequency 

Lap lac ion operator 
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Subscripts 

aw adlabatic wall 

associated with i      mission;    :,     term in series 

mean value;   sea  level 

stratosphere 

troposphere 

of the wall 

tropopause 
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CHAPTER   I 

OBJECTIVE OF  STUDY 

The high operational speeds attained by modern flight vehicles 

introduces the problem of aerodynamic heating.    As a result, future designs 

must account for such undesirable phenomena as thermal stresses, reduction 

of material properties with elevated temperature, and creep.    Through these 

phenomena two new parameters, time and temperature,  enter the design pic- 

ture.    The question immediately arises as to what criteria would be appropriate 

upon which to base the structural design of such aircraft.    The current air- 

plane strength and rigidity specifications are not entirely adequate in this 

regard; thus there is a need for new criteria that will provide the basis for 

the structural design of aircraft subjected to the effects of aerodynamic 

heating.    The objective of this report is to provide information that would 

be useful in the establishment of new structural design criteria. 
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CHAPTER   II 

INTRODUCTION 

It is obvious that the formulation of a basic structural design 

criteria encompassing all flight vehicles subjected to aerodynamic heat- 

ing is a formidable task.    The introduction of the two new parameters of 

time and temperature makes it difficult to predict generalized critical 

flight loading conditions such as is done in the familiar V -n   diagram, 

as the effects of time and temperature (e.g. ,   thermal stresses) depend upon 

the particular structural configuration and flight history.    Aerodynamic 

heating introduces several new modes of structural failure such as creep; 

the behavior of these modes of failure under combined thermal and external 

loading must be determined to facilitate the promulgation of appropriate 

design criteria.     In addition,   in contrast to present design criteria, which 

are based upon years of accumulated operational experience,  there is to 

date very little operational experience to help formulate and substantiate 

criteria for vehicles whose structures will be subjected to the effects of 

aerodynamic heating. 

To graphically illustrate the structural design complexities 

introduced by aerodynamic heating,  consider the design of a flight vehicle 

operating in the flight regime where aerodynamic heating of significant 

magnitude is encountered.    The individual who will have a need for and 

utilize the structural design criteria is the structural design engineer. 

Figure 2. 1  illustrates the problems that the structural designer is confronted 

with in the design of a high speed aircraft.    The diagram shows how the 

addition of temperature affects each phase of structural design.    The stand- 

ard design analysis methods utilized in the design of airplanes not subjected 

to aerodynamic heating are represented by the blocks to the right in 
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Figure 2. 1.    When the lines are connected from the left side of Figure 2. 1, 

this represents the thermal design analysis.    This illustrates how the stand- 

ard methods must be modified to include these thermal effects.     Some parti- 

cular problems that are affected by the inclusion of temperature are stress 

analysis, divergence and dynamic loading.    Figure 2. 1 indicates the areas 

of structural design that any appropriate criteria must accommodate,   and 

thus helps to define the scope of the criteria.    For example, the criteria must 

allow for the direct influence of the temperature time history on new modes 

of structural failure (such as creep) and the indirect influence of the temp- 

erature distribution on strength failure through the mechanism of thermal 

stresses   introduced by the temperature distribution.     These areas of struc- 

tural integrity will be discussed in detail  in the next chapter.    Thus, before 

structural design criteria applicable to flight vehicles encountering elevated 

temperatures can be established,  three problem areas must be considered. 

First,  the critical conditions currently selected to demonstrate the structural 

integrity of the structure with regard to a certain mode of failure must be 

re-examined with consideration given to the consequences that aerodynamic 

heating might have on this particular mode of failure.    For example, as 

indicated above,    stresses due to the temperature distribution in the structure 

influence the magnitude of the external loading that can be applied to the 

structure without resultant failure of the structure due to strength deficiency. 

Second, where possible,  design conditions should be established for new modes 

of failure that result from elevated temperature.    Third,  the applicability of 

a safety factor,  either in the form of an all  inclusive factor such as is applied 

at present to the limit load,  or in the form of an equivalent safety factor 

applied to each particular mode of failure must be investigated.     This study 

investigates   these three problem areas. 

As such a broad range of vehicles must be considered, and as 

generalized mission studies giving,  for example,  occurrence rates of various 

load levels for a given class of flight vehicle   are not available,  the useful- 

ness of an analytical approach to the problem of establishing a structural 
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design criteria for heated vehicles  is  limited.      Hence the approach 

utilized   in  this study  is partially one of synthesis.      Various methods 

of establishing design  criteria  have  been   investigated,   and  those  felt 

to be the  most applicable are discussed.      Conclusions are drawn and 

recommendations are made concerning selection of design  conditions 

and  application  of safety  factors. 
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CHAPTER  III 

STRUCTURAL INTEGRITY OF 

HEATED FLIGHT VEHICLES 

3. ]    IntroJuction 

Before any considerafion can be given to the selection of 

critical structural design conditions or to the applicability of safety fac- 

tors in the structural design of heated flight vehicles,   it is necessary fo 

define the ways in which a flight vehicle may prove structurally inadequate 

during its lifetime of operation.    This determines the basic areas of possible 

structural deficiency in which the design criteria must provide requirements 

to insure adequate structural integrity,  and makes it possible to determine 

to what extent these requirements must be changed to encompass vehicles 

subjected to aerodynamic heating. 

3. 2    Basic Areas of Structural  Integrity 

There appear   to be three basic areas of structural integrity — 

"strength",    "stiffness",    and "life".    "Strength" is a measure of the air- 

* frames ability to withstand a given load distribution without rupture or 

excessive yielding.    To be rigorous,  the time history of the  load distribution 

should be included in this definition^ as the amount of load that a structure 

can withstand is also a function of the dynamic response of the structure to 

the time history of the loading.    However,  as a detailed specification of 

the rate of load application and the mass and stiffness properties of the 

structure is necessary to compute the strength reserve of a structure under 

dynamic loading,  general design specifications simply call out static strength 

requirements in the form of load factors for various types of aircraft. 
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"Stiffness"  is a measure of the airframe's ability to withstand 

load distributions where the magnitude of the applied load is a function of 

the deformation of the airframe.    The classic example of inadequate stiff- 

ness in the static sense   is the static instability known as wing torsional 

divergence.     The wing deflects torsionally increasing the airload which in 

turn increases the torsional deflection of the wing until failure results. 

The classic example of inadequate stiffness in the dynamic sense is the 

dynamic instability known as flutter, where the mass and stiffness of the wing 

and the flight velocity are such that periodic self-excited motions of a 

divergent nature are established with resultant structural failure.    As the 

elasticity of the lifting surface plays an essential role in failure of the air- 

frame due to phenomenon such as divergence or flutter,  structural inade- 

quacies of this type are classified as stiffness inadequacies.    Present general 

structural design specifications call out stiffness requirements in terms of 

flutter and divergence speeds with appropriate safety factor margins. 

"Life"  Is a measure of the number of operational flight hours 

that an aircraft can perform without failure due to cumulative damage 

phenomenon such as fatigue. 

In general,   If the structure Is adequate with respect to strength, 

stiffness and life,  the overall airframe level of structural integrity Is sufficient. 

3.3   Modes of Failure Associated with the Basic Areas of Structural  Integrity 

There are a number of ways In which a structure could prove 

inadequate for each of the three basic areas of structural integrity.     Each 

one of these number of ways will be referred to as a "mode of failure".     In 

order to avoid getting involved in any semantical circumlocutions as to 

what constitutes an all inclusive definition of a mode of failure,  each mode 

will be defined in an "ad hoc" manner.    For example,   fatigue is a mode of 

failure; flutter also is a mode of failure.    Consider now the modes of failure 

associated with strength,  stiffness and life for the case of an aerodynamically 

heated structure. 
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3. 3. 1   Strength 

For an unheated aircraft the structure can fall due to static 

strength inadequacy in only one way or mode.    That is,   if the external 

aerodynamic loading applied to the structure is such that the yield or ulti- 

mate strength of the structure is exceeded.    Due to the mechanical properties 

of the materials ui«d in the construction of modern airframes,  sufficient ulti- 

mate strength generally automatically implies sufficient yield strength.    In 

the case of the aerodynamically heated airframe the strength mode of failure 

is essentially the same, but the external load level that the structure can 

withstand is influenced by two phenomenon.    These are   (1) reduction of the 

ultimate (yield) strength and Young's modulus of the material with temperature 

and (2) thermal stresses due to temperature gradients within the structure. 

The amount of residual static strength inherent in a given structure (i. e. , 

room temperature strength minus strength loss due to reduction in material 

properties and thermal stresses)  is determined by (1) and (2).    The structure 

fails when the external  loading exceeds that which can be accommodated 

by the residual structural static strength.     It should be   noted that the material 

properties are not only a function of the structural temperature distribution 

but of the time at temperature as well.     Hence,   the material properties are 

a function of both time and temperature. 

3.3.2   Stiffness 

For a cold airframe the two most important stiffness design modes 

of failure are flutter and divergence.     In the case of the heated airframe these 

will again be of primary design importance, with the flutter and divergence 

design conditions now being functions of the change in material properties 

with temperature and time,   the thermal stress distribution in the structure, 

and in some cases skin buckling due to combined aerodynamic and thermal 

loadings. 
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3.3.3   Life 

The only recognized life mode of failure associated with a 

cold airframe is fatigue.    In the case of the heated structure fatigue remains 

important, and the new mode of failure known as creep is introduced into 

the design picture.    Both the elevated temperature fatigue and creep life 

of a given structure are a function of the temperature and load time histories 

experienced by the airframe. 

3. 4   Probability of Failure of the Airframe 

The previous section identifies the various modes of failure 

associated with strength, stiffness and life of a heated airframe.    Before 

any evaluation as to the relative importance of these modes of failure could 

be accomplished it would be necessary to determine the contribution of each 

mode of failure to the overall failure rate or probability of failure of the air- 

frame.    Unfortunately,  although suitable mathematical techniques are avail- 

able,   there is at present insufficient data on the failure rate associated with 

a particular mode to determine its contribution to the   probability of failure 

of the airframe.    As is pointed out in reference 1, aircraft structures in 

service are generally exposed to highly complex combinations of environ- 

ment and loading, and as a result,   it is not possible to assign appropriate 

relative weights to the contribution of strength, stiffness and life to the 

structural integrity of the airframe.    Furthermore,  in many cases the various 

modes of failure associated with stiffness, strength and life are coupled, 

i. e. ,  they mutually influence each other.    In spite of this inability to design 

structures quantitatively from the start including all failure phenomenon, 

it is felt (Refs.  2 and 3) that, as in the case of cold airframes, heated air- 

frames will be designed from static strength considerations, with stiffness 

and life characteristics being checked after the initial design has been 

completed. 
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Although it is impossible to apply the probability of failure 

concept to an all inclusive, coupled treatment of the contribution of each 

mode of failure to the level of structural integrity of the airframe,  it is 

still a useful discipline in the selection of critical design conditions for a 

given mode of failure.    Specific examples of the application of this   tech- 

nique are given in Chapter IV and Appendix B of this report; so it is essential 

that the philosophy underlying the application of the probability of failure 

concept to structural design criteria be understood.    This can best be accom- 

plished by considering the following discussion of the gust loading of an 

airframe. 

If the calculation of load due to gusts is considered a statistical 

process (which it in reality is), the selection of one maximum gust velocity 

as a design criterion cannot result in an aircraft which is absolutely certain 

of survival.    Since gust velocities are random, th»re is some probability that 

there is a gust more severe than the one chosen for design.    Thus, there J$ 

some chance of failure, as a result of encountering this more severe gust, 

for any airplane designed by a specified maximum gust velocity.     If it were 

possible to predict the statistical properties of the gust loads that any parti- 

cular airplane Is likely to encounter, then it would be possible to calculate 

the probability that the aircraft would fail In a specified time interval.     If 

the airplane Is designed for a fifty foot per second gust then this design could 

be represented as a specified probability of failure during the life of the air- 

plane.    Furthermore, as there is a one to one correspondence between the 

desig i gust velocity and a probability of failure,  then design criterion could 

be stated as a probability of failure rather than a specified maximum design 

gust velocity.    Thus, if a statistical (probability of failure) design criterion 

were used,  it would lead to the same design loads as the corresponding design 

gust velocity condition that Is presently being used.    It is simply another method 

of stating the same requirement. 

The following chapter discusses the selection of critical design 

condit ions for heated airframes; wherever possible within the probability of 

failure framework. 
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CHAPTER  IV 

SELECTION OF STRUCTURAL DESIGN CONDITIONS 

4. T   General Considerations 

The problem of selecting critical structural design conditions 

for alrframes subjected to aerodynamic heating is a difficult one.    The 

existing criteria will not be entirely adequate in this regard.    To illustrate 

this,  consider the three basic areas of structural integrity discussed in 

Chapter III,  i.e. , strength,  stiffness and life (creep and fatigue).    For 

alrframes not subjected to aerodynamic heating it is possible to select cer- 

tain discrete    isolated load factors, altitudes^nd velocities to use as design 

conditions for structural strength and stiffness.    As mission requirements are 

not rigorously defined,  the designer must consider many combinations of 

these three parameters before he is confident that the most severe combination 

tjas been selected as a design condition.    It would be much better if the 

designer had statistical information Indicating probabilities of occurrence of 

load factor levef as a function of altitude and velocity for the design under 

consideration.    However,   in Fieu of such Information it Is still possible for 

the designer to choose adequate design conditions by exercising experience 

and judgement.    The important fact Is that for aircraft not subjected to aero- 

dynamic heating it Is possible to select and utilize discrete isolated combin- 

ations of load factor, altitude^nd velocity as design conditions regardless 

of the degree of rationality of the selection process.    This is because,  for 

strength and stiffness design,  the history of the airframe up to the point of 

application of the critical load is not Important.    The aeroelastic instability 

speeds and the percentage of yield or ultimate load applied to the structure 

are strictly a function of the load factor, velocity and altitude experienced 

by the structure at a given point on the flight path — not of the previous 

history of these three parameters.    (This statement neglects dynamic 
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alleviation effects on the allowable loads in the structure).    Thus, for the 

unheated airframe the only basic area of structural integrity thaf is a func- 

tion of the time history of the mission is that of cumulative damage.    For 

fatigue design It is necessary to select a fatigue ISad spectrum, and this 

spectrum is a function of the mission profile of the airframe.    As statistical 

information on probability of magnitude and order of application of load 

level is not as yet available the designer is forced to select (or the pro- 

curing agency forced to specify) a load spectrum somewhat arbitrarily 

selected.    This, coupled with a lack of knowledge of the basic mechanism 

of fatigue,   has led to some unsuccessful fatigue designs. 

For airframes subjected to aerodynamic heating it is not possible 

to select certain discrete isolated load factors,  altitudes and velocities for 

use as a design condition.    Both the strength and stiffness required of the 

airframe at a given point in the mission are a function not only of the in- 

stantaneous application of load factor (in the case of strength) and the 

velocity and altitude (in the case of stiffness),  but also of the past history 

of altitude and velocity.    Both the yield and ultimate strength are functions 

of the temperature distribution in the structure,  which is a function not only 

of the adiabatic wall or equilibrium temperature time history, but of the 

structural details as well.    These effects are thoroughly discussed in,  for 

example,  references 4,  5 and 6.    Reference 6 is especially interesting and 

applicable in that plastic effects have been considered.    The torsional stiff- 

ness of a wing section is also a function of the temperature distribution in 

the wing; this temperature distribution again being a function of the airplane 

altitude and velocity time histories and the details of the structure.     The 

reduction of torsional stiffness as a function of temperature distribution for 

wings of various cross-sectional shape and structural configurations is dis- 

cussed in references 7, 8 and 9.    Reference 9 discusses the effects of different 

materials of construction.    Thus,   it is seen that present practice of selecting 

isolated values of load factor,  altitude and velocity as design conditions 

with no consideration of the previous history of these three parameters is 

inadequate in the case of aerodynamically heated aircraft.     Instead,  the 

entire mission or set of missions to be performed by the flight vehicle must be 

analyzed. 
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4.2   Mission Analysis 

4.2. ]   Definition of Mission 

To determine the past history of a flight vehicle up to the time 

that,  for example, a critical maneuver is to be executed requires that the 

designer consider all the possible ways of reaching this point.    The difficulty 

of this task is a function of the degree to which the mission requirements of 

the flight vehicle are delineated.    For a missile with a programmed mission 

profile this would be a relatively simple task as the velocity-altitude time 

history is defined (at least in the root mean square sense).    For manned 

aircraft, however,  complexities are introduced because of the variety of 

mission profiles to be experienced.    Several authors (Refs.   TO,  IT and 12) 

have suggested the application of statistical analysis to this problem.    The 

approach of reference 12 appears to be the most general, and as such is dis- 

cussed below. 

A mission is defined as a combination of the time histories of 

three variables: 

(T) v   =   v(t)     -w     vehicle velocity 

(2) h  =   h(t)     —    vehicle altitude 

(3) n   =   n(t)     <—>    vehicle normal load factor. 

Thu#, a mission "MJ- is denoted   in the functional form as 

/•£ fcj ' /^[KC4^ tu reJj *;(*)] (4. i) 
A typical mission time profile is illustrated in Figure 4. |.    Each flight 

vehicle is assumed to be designed for one or several given missions.    The 

validity of this assumption is indicated by the increasing trend toward the 

design of airframes for specific missions. 
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Although it seems reasonable to assume that a set of missions 

can be defined for a given flight vehicle configuration, and that a set of 

variables   v(t)/     h(t)/    and    n(t)    can be defined for each mission which 

would permit the   successful completion of the mission, variations about 

these predetermined values can be expected due to, for example, gust, 

pilot or guidance system inputs.    This concept can be stated symbolically 

as follows.    For each mission   M .   an associated set of values 

k (*) = ^ ft) -+ <fh^ {€) 

(4.2) 

exist which define the mission desired.     V    »    h     ,   and   n      are the pre- 

determined values of the velocity, altitude and  load factor required to 

accomplish the mission;   8 v,,-,    8 h^ and    Sn^are the variations of these 

variables during the fulfillment of the mission.    Assume these delta varia- 

tions to be mutually independent,  continuous random variables of normal 

distribution with standard deviation    O"    and zero mean value.    The stand- 

ard deviations will,  for each of the three variables, be a function of the 

mission   M •   and the time   t   as time increases from zero to the complete 

mission flight time   t  =   Tj^. .      The numerical values of the velocity, 

altitude and load factor standard deviations      ^'w(M.,t),        0"i(M.,t) 

and ^" n(M . , t)    should be based on simulation studies and the   statis- 

tical flight data associated with each type of flight vehicle.     Thus,  the 

variables    v.(t),      h.(t)      and      n.(t)    are normally distributed with 

standard deviations  C     (M.t), <T'i(M.,t)     and C   (M.,t), 

and mean values    v0.(t),      h0.(t),      and      n0.(t). 

It is assumed that a finite number of discrete missions exist 

and that an "a priori" probability of occurrence of each mission is defined 

such that the sum of these probabilities over all missions is one.    Thus,  for 
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each mission   M.   characterized by   v.(t),      h.(t)     and     n.(t) 

there is an associated probability of occurrence   P(M .)      such that 

>>~    P(Mj)    =    I    where   m    is the number of missions. 

4.2.2   Structural Temperature 

In order to evaluate the adiabatic wall temperature   Taw . 

at any time   t, during a mission   M j ,    only the instantaneous values of 

the altitude and velocity must be known.    However,  to evaluate the temp- 

erature at a point in the structure at  any time     t,    during the mission M., 

the time history of   Taw.(t)      prior to the time   t.    must be known.  #This 

implies that the time history of the velocity    V.(t)    and the altitude 

h.(t)    during the time range   0   ^     t    Ä   t.   must be known, and as 

V.(t)     and     h.(t)    are random variables about the predictable mean 

values   V0.(t)      and      h0.(t),    to rigorously calculate the structural 

temperature at time   t .   would require defining the random behavior of 

the time histories of   V.(t)      and      h.(t).       However,   if it is assumed that 

any variation from the mean flight path   [i.e.,    8v.(t)      and      8h.(t)    ] 

is such that the airframe returns to the mean flight path after a short time, 

and if such deviations are not of a  large magnitude,   the variation will have 

little effect on the structural temperature.    This is because the time con- 

stants associated with the diffusivity of heat through the structure are 

significantly greater than that of, for example,  a correcting,  noncritical 

maneuver of a gust.    Thus,   it is assumed that the structural temperature at 

a given time during a given mission   M .   is a function only of the prescribed 

mission    [i.e.,       v0.(t)      and   ho;(t);      noi(t)      does not influence 

the temperature in the structure (Ref.  2)   1, and not of the random variation 

in altitude and velocity about their prescribed values.    This assumption is 

justified in Appendix A where the magnitude of the time constant associated 

with thermal diffusivity is discussed.     Hence,  the structural temperature is 

associated In a one to one correspondence with a time during a given mission. 

In addition the structural configuration must be known before the temperature 

at any point in the structure can be determined. 
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4. 2. 3   Load and Temperature Combinations 

Once the random characteristics of the load factor variation 

for each mission profile have been determined, it is possible to calculate 

the probabilities of occurrence of a given load factor. For example, the 

probability of the load factor n exceeding a given value ni during an 

entire mission Mj is denoted in standard form by P(n v n,/M.) and 

is defined as 

«»•    2K **<. 

^^V= GKfoftti) </*</> n 

(4.3) 

where   T^j .    is the time duration of the mission   M ..    This probability dis- 

tribution gives the designer a means of evaluating the relative load factor 

severity of each mission,  and as such would be a useful tool  in the design 

of airframes not subjected to aerodynamic heating, (as time is integrated 

out,   the structural temperature associated with each time value is obliterated). 

The most stringent mission can be selected, and the design load factor 

selected such that the probability of the airframe being subjected to such 

a load factor is sufficiently low.     As the probability of occurrence of each 

mission is assumed to be known,   it is possible to arrive at a probability of 

exceeding a given  load factor taking into consideration the entire ensemble 

of mission.     This probability is simply expressed as 

rr9 

-t«/ 
(4.4) 

where   m    is the number of missions and   P(n^ni,      M=M.)is 

the joint probability of the combined event   n .>  n,       and     M   =   M.. 

This can be shown to be   (Ref.   13) equivalent to the expression 
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where   P(M   =   Mj)      is assumed known and      P(n>n,/M.)      is deter- 

mined by evaluating Eq.   (4. 3) for each mission.    Thus,   it is possible to 

calculate the probability of failure associated with each load factor   n,   , 

and the design load factor can be selected such that the probability of 

frame failure is sufficiently low. 

(45) 

air- 

A more basic distribution to utilize In the structural design of 

airframes subjected to aerodynamic heating is the probability of the load 

factor exceeding a given value   n,     at a time   t   during a mission   M.. 

This distribution  is denoted in standard form as   P(n>n,/M..t)    and 
k'       i '   ' 

is defined as 

^ AU. e 
/ / 

- ^ {& 
Cfj t A 

/Irr   &-*Ct^J e C7^ 

n* (4.6) 

This probability distribution can serve as a basic tool in establishing design 

criteria for heated airframes,  as it determines  the probability of exceeding 

a given load factor in concurrence with a unique structural temperature dis- 

tribution determined by   M.   and   t. 
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4.3   Possible Design Criferia for Heated Structures 

4. 3. 1    Preliminary Discussion 

As is pointed out in Section 4.1,   it is necessary to have a 

knowledge of the altitude and velocity time histories to be experienced by 

a heated airframe before the strength,  stiffness and life capabilities of the 

alrhame can be determined and critical design conditions selected. 

Section 4.2 discusses a method of specifying the    load factor in a statistical 

sense,     it is felt that such an approach is warranted as the trend Is definitely 

toward well defined flight profiles,  and information on gust and maneuver 

statistics is becoming increasingly available.    Mission optimization is 

receiving more attention,  and as is pointed out in reference 3 the flight 

profile for aircraft in the regime where aerodynamic heating effects are 

important is likely to be simple and well defined.    For example,   if the air- 

craft is air breathing, by virtue of its high Mach number it will employ 

focussed shock intakes in some form,  and will achieve its lift to drag ratio 

by shock cancellation techniques.    As both of these procedures are effective 

over a small Mach number tolerance,   sustained flight at such Mach numbers 

certainly implies a  long range function for which flight programing will be 

essential,  since off design conditions give low air miles for a given fuel 

consumption.    As a result,  the climb and acceleration phases will themselves 

be closely controlled.    As another example,   in the case of a missile or high 

performance fighter designed to intercept a high speed bomber, the accuracy 

with which the interception vehicles guidance system can predict the position 

of the bomber will determine the load factor that the intercepting vehicle 

will have to experience to reach a point where it can destroy the bomber. 

As methods of interception prediction are statistical in nature,  the load fac- 

tor to be experienced by the vehicle is best treated in a statistical sense. 

An example of this type of problem is discussed in reference  II.    An evalu- 

ation or analytical extension of such methods is beyond the confines of this 

report; it suffices to say that in the future flight vehicles will be structurally 

designed on the basis of a system analysis which accojnts for such Items as 
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optimization   of  number  of  vehicles   to  be  utilized   to perform  a   given 

mission,   guidance and  fire   control   characteristics, etc. 

The following sections develop structural design criteria based 

on the statisticai mission analysis of Section   4. 2.    Other more sophisticated 

probability analyses could be used; the method chosen   adequately demon- 

strates the principles involved.    The actual criteria per se need not specify 

a particulc- statistical method just as the present criteria does not specify 

a particular stress analysis method. 

4.3.2   Strength Design Limit  Load Factor Requirements 

At present design limit loads are specified for each class   of 

aircraft.     That is,   there is a different load factor velocity envelope for 

each class of aircraft,     it is significant to note that the number of classes 

of aircraft is constantly increasing; each class requiring a new  load factor 

elocity envelope based on  its desired mission capabilities.     This illustrates 

the trend toward designing a specific vehicle to perform a specific task. 

This   trend has an important implication.     Although the load factor-velocity 

envelope is still specified,  the particular missions to be performed within the 

envelope are much better defined than they were in the past.     This,   it is 

felt,   makes it possible to perform a mission analysis based on probability 

considerations for each class of aircraft to determine what the magnitude 

of thermal   load to be superimposed upon the load factor should be and at 

what altitude and velocity it should be applied.    There are many ways to 

do this,  and the approach to the problem given below is intended to be 

strictly illustrative. 

It Is assumed that enough Information is known about the mission 

requirements of the aircraft and the possible load factors to be encountered 

that an expression such as Eq.   (4.6) for the probability of occurrence of a 

given load factor can be established.     It Is not necessary that such an ex- 

pression be entirely rigorous as it is not going to serve as a limit load factor 

criterion itself,  but simply to indicate where a thermal  load might logically 
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be superposed upon the limit load factor.     The limit load factor as it is presently 

specified will be maintained.     When mission profiles become statistically 

defined with a sufficient amount of rigor,   it will be possible to eliminate 

the envelope type limit load entirely and select both the load and thermal 

critical design conditions from a mission analysis.     In themeantime,   it is 

best to maintain the current limit load envelope and limit the use of the as 

yet unproven statistical approaches   to determining where the thermal effects 

should be superposed for purposes of design.     The following procedure could 

be utilized. 

I. Divide each mission time history (e. g. ,  Figure 4. I)  into 

several time increments.    For each time value evaluate 

Eq.  (4.6) or its equivalent for a range of load factors 

n^ .    This results in a family of curves,  one curve for 

each time value.    A typical family is illustrated in 

Figure 4. 2,  where to avoid confusion only the Curves 

for two values of time   t,    and   t?   are shown.    For 

each mission there will be a corresponding family of 

curves.     Note that as the standard deviation 

c7~n(t,    M.)    and mean   n0.(t)    ore functions of 

time,   both the shape and mean vatae of the probability 

distribution curve change with time.     In all cases the 

mean   no^^)    has a p r oba b i I i t y    of   0,5. 

One of the important characteristics of the normal dis- 

tribution  is that it is completely determined by its mean 

and standard deviation. 

2. Assume a structural configuration.     This is necessary at 

this point as it is impossible to calculate thermal stresses 

and strength modulus reductionBwithout a detailed knowl- 

edge of the structure. 
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As the mission profiles are known, and as was discussed 

earlier,   it is assumed that small variations about the 

planned mission velocity-altitude time histories do not 

affect the structural temperature distribution,  the temp- 

erature distribution at a critical point in the structure can 

be determined for each of the time values selected in (1) 

for each mission.    The equilibrium temperature chart 

presented in Appendix C can be used in this regard. 

Using the temperature distributions obtained in (3) 

calculate the thermal stress distribution and the amount 

of reduction tn strength modulus due to these tempera- 

ture distributions. 

Utilizing the thermal stresses and strength reductions 

calculated in (4),  determine the residual strength of 

the structure.    This is simply the room temperature 

strength minus strength loss due to thermal stresses and 

reduction in strength modulus due to temperature,  and 

is a measure of the amount of external  loading that can 

be applied to the structure. 

From the residual strength determined in step (5) calcul- 

ate the various residual load factors ni that the struc- 

ture can withstand at each time value for each mission. 

Using the plots corresponding to Figure 4.2 obtain the 

probability of the airframe being subjected to a load 

factor in excess of each residual    n.     for the various 

time values for each mission.    From this array   (all times 

and missions) select the most critical condition,   i. e. , 

the time and mission where the probability of the residual 

load factor being exceeded is the greatest. 
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8. As fhe mission and time for the crifical loading con- 

dition established in (7) are now known,  these two 

parameters define the critical altitude and velocity 

and also the time history of the altitude and velocity 

prior to this critical point.    This is precisely the de- 

sired information.    The strength design condition is 

now that the structure must be able to withstand the 

limit load as specified by the   V -n   diagram of 

MIL-A-8860(ASG) at the established critical velocity 

and altitude taking into account the thermal stresses 

and strength modulus reduction resulting from the temp- 

erature distribution associated with the altitude and 

velocity time history prior to reaching the critical 

point.     If the structure selected in step (2)  is inadequate 

(i. e. ,  either too strong or not strong enough),  the pro- 

cedure outlined above must be repeated.     It is unfortunate 

that the feedback between structural configuration and 

strength degradation due to elevated temperature exists; 

however,  as the original mission requirements,   in con- 

junction with past design experience, will in most cases 

define the structure within reasonable limits before its 

integrity is analytically demonstrated at the critical 

thermal design condition,  this problem should not be 

serious. 

Thus,   a  workable   limit   load     design     criteria   for   heated 

structures  has  been  established.      The  method  has  the  following  advan- 
tages: 

1. The present design specification limit load requirements 

are maintained.    The probability of load factor occur- 

rence concept is used simply to determine where the 

thermal load should be superposed   on the nonheated 

structure limit load.     Hence,  the past operational 
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experience that Is reflected In the limit loads called 

out In MIL-A-8860(ASG) Is essentially transferred to 

the heated airframe.     This Is desirable. 

The method of selecting the altitude and velocity at 

wlhich to apply the thermal load,  and of determining 

the past history of altitude and velocity to use in cal- 

culating the thermal   load magnitude Is as rational as 

Is posslbfe at present.     It selects the critical values 

of altitude,  velocity and thermal penalty from prob- 

ability of failure considerations which take Into 

account both the load factor due to aerodynamic and 

Inertia forces and the thermal effects.    As such,   it is 

less stringent and more realistic than superposing maxi- 

mum thermal effects on maximum load factor.     This Is 

shown In Figure 4. 2 for the simple case of one mission 

divided Into two time Increments   t,    and   t~.    From 

the structural temperature distributions calculated for 

times   t|   and   ^2   iMs assumed,  for purposes of I llus- 

tration,  that the residual strength at   t ,    Is greater 

than that at   tj,    i.e.,   the structure at   t,    can with- 

stand a load factor   n .   which is In excess of the load 

factor   nj   that can be withstood at   t^.    The time   t~ 

then represents the most critical thermal condition,   i. e. , 

the structure can accommodate less aerodynamic and 

inertia  load at   t 2, than it can at   t , .    Thus,   if a 

critical design condition were to be determined from 

thermal considerations alone,  the thermal stresses,  etc. 

associated with time   tj   would be selected for design 

purposes.     However,   if both external load factor and 

temperature are included in the critical design condition 

selection process.     Figure 4.2 Indicates the probability 

of exceeding the   allowable (residual) load factor   n , 
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is greater than that of exceeding the load factor    n« 

even though   n ,    is larger than   n^;   hence, time   t, 

is in actuality the critical design condition.     It should 

be re-emphasized that the given example is a gross 

oversimplification of an actual case where a large num- 

ber of missions and time increments must be considered. 

The concepts   involved,  however,  appear to be physically 

sound; for example,  a fighter with a programmed mission 

may experience severe   strength reduction  due to temp- 

erature at a particular time during the mission,  but the 

operational requirement may be such that the necessity 

for maneuvering at this time is doubtful; hence,   the 

probability   of exceeding the allowable load is low. 

This corresponds to the time   t~    in the above example. 

At another time during the mission the thermal effects 

may not be so severe,    (i.e. ,  the structure can accom- 

modate a comparatively greater aerodynamic and inertia 

load)  but the chance of having to maneuver (or encount- 

ering severe atmospheric turbulence) is high enough 

such that the probability of exceeding the allowable load 

factor in this case is higher than before.    This is obviously 

the most critical of the two conditions, and corresponds 

to the time   t ,    in the above example. 

The method is quite flexible.    The best possible method 

of predicting the critical values of the pertinent design 

parameters within the probability of failure framework 

can be utilized; thus as superior and more rigorous methods 

become available they can be used.     The design speci- 

fication should not   specify a particular   methodology 

in this regard.    The methods used by the contractor 

should be approved by the procuring agency, but the 

selection of method(s) should be the contractors 
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responsibility.    The method chosen for illustration is 

based on the assumption of a simple normal distribution 

of load factor.    This assumption may be valid in some 

instances and invalid in others.    The design criteria 

should simply state that the structure will be able to 

withstand the presently specified design limit load at a 

velocity and altitude where the probability of the load 

factor exceeding that which can be sustained by the 

structure is a maximum,    in many cases it will not be 

necessary for the contractor to undertake elaborate 

probability analyses.     For example,   if an attack air- 

craft is expected to maneuver after a dive during which 

a violent change in Mach number and altitude occurs, 

this will probably be the critical condition as high aero- 

dynamic and inertia forces must be sustained by a structure 

experiencing maximal thermal effects. 

The main disadvantage of the proposed method is that it requires 

a detailed knowledge of the structure.    However, as the prediction of any of 

the several structural effects of aerodynamic heating is predicated on a detailed 

knowledge of the structure,   it is difficult to see how this unfortunate situation can 

be obviated. 

If it is felt that another revision of aircraft structural design 

criteria specification is in order before any probability of load level occur- 

rence requirements be specified as part of the design requirements, several 

aftthors have suggested approaches to the problem of specifying design loads 

that include heating effects.     References  T4,   T5 and  16 are examples.     It 

should be emphasized that there is a modicum of rational justification for 

these methods; they are based largely on the experience and judgement of 

the individuals concerned.    Of these several procedures,  that of reference 16 

appears to be well thought out, has the advantage of   being simple, and as such 

is presented below. 
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1. Because of aerodynamic heating effects on supersonic 

aircraft it is necessary to specify design conditions in 

a more elaborate manner than has hitherto been the   case, 

by including   those elements of a particular flight plan  . 

of an aircraft which involve accelerations or decelerations 

from one speed to another.     It is understood that the 

optimum climb paths for minimum fuel usage of super- 

sonic aircraft now being considered may need to be 

modified to keep the speed at a reasonable margin be- 

low the design diving speed.    As the Mach number during 

the climb phase is subsonic,  it is not considered that any 

special aerodynamic heating problem exists during this 

phase.     It is assumed that the aircraft will climb to some 

height,  e. g. , 30,000   feet or 40,000 feet before level- 

ing off and accelerating through M =  1.0 to supersonic 

speeds. 

2. Similarly during the descent phase it may be necessary to 

impose pilot's limitations,  keeping the speed to some 

constant   fraction of the design diving speed.     It is 

assumed that during the descent,  the deceleration from 

supersonic to subsonic speeds will be done in level flight 

at cruise altitudes.     No aerodynamic heating problem 

appears to arise during the descent phase. 

3. So far as aerodynamic heating is concerned,  the stages 

of the flight path which have to be considered are 

a. Acceleration from subsonic speed to 

supersonic speed. 

• b. Cruise at supersonic speed. 

c. Deceleration to subsonic speed. 

The problem is to consider how these phases should be 

combined with the normal   flight envelope cases.     In the 

following it is assumed that   V ■.       will only be obtained 
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by accident  as an  overshoot  beyond  V The 
.        © cruise 

following   table summarizes suggestions   In   this regard 

Case 

i.     Acceleration from 
subsonic speed to 
supersonic cruise 
speed. 

ii.    Same,  but over- 
shooting to 
V p-     • dive 

iii.   Supersonic Cruise 

iv.    Decelerated flight 
to subsonic speed. 

Speed to be 
considered 

1 

or 0.9 to 
V      .    . 

cruise 

dive 

V 
cruise 

From V 
cruise 

to M = 0. 8 or 
0.9 

Flight loads to be 
combined with ther- 
mal loads 

From M = 0. 8 2/3 flight envelope 
loads or 2/3 stand- 
ard gust loads. 

T/2 flight envelope 
loads.     T/2 stand- 
ard gust loads. 

Flight envelope or 
standard gust loads. 

2/3 flight envelope 
loads or 2/3 stand- 
ard gust loads. 

In   case   (i)    the flight envelope loads and gust loads have 

been reduced to   two-thirds of their normal value on the 

assumption that full flight envelope or full gust loads may 

be considered as rare events «lot to be experienced on 

every flight.     In case (ii) the flight envelope and gust 

loads have been halved on the assumption that accidental 

overshoot to   V^We   's a rare event-     Case (iii)  is the 

saturated condition — full flight envelope or gust factors 

being combined with thermal stresses.       In case (iv) 

decelerated flight is considered.    The argument support- 

ing case (i)  is valid in this case. 
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To conclude this section on limit load factors it should be noted 

that a method of utilizing a probability of failure approach in the case of 

heated airframe gust loading has been developed in reference  17.    As this 

method has received litile attention to date,  and is felt to be a pioneering 

effort in this regard,   it is presented in Appendix B.    A similar development 

is presented in reference  18 for the gust loading of an unheated airframe. 

Essentially,  what is done in both cases is to  restate the present discrete design 

gust velocity requirement in terms of the probability of exceeding the gust 

design limit load factor.    As this probability of failure is based on the dis- 

crete gust requirement — which has been in service for many years — it is 

assumed to be acceptable.     This acceptable probability of failure is then 

applied to a new design (possibly subjected to aerodynamic heating) to 

determine the design gust load factor for the new airframe.    Thus,  a corres- 

pondence is established between the satisfactory,  but somewhat arbitrary 

gust criteria of the past,  and the untested but more rational statistical 

approach. 

4. 3. 3   Stiffness Design Requirements 

In the case of aircraft structures subjected to aerodynamic heating, 

the wing torsional and bending rigidities are a function of the temperature dis- 

tribution in the wing.     Section 4. 2. 2  of this report indicates that this temp- 

erature distribution at a given time is a function of the time history of the 

mean altitude and velocity prior to the given time, and of the structural 

configuration,  but not of the random variations of the altitude and velocity 

about their respective mean values.    Thus,  once the mission profiles are de- 

fined in the root mean square sense,  the wing temperature distribution time 

history can be calculated for each mission.    This determines the torsional 

and bending rigidities of the wing for each time during a given mission.    As 

the altitude and velocity time histories are known for each mission,   there is 

a velocity and altitude associated with each of the sets of values for the 

torsional and bending rigidites; hence the flutter and divergence speed for 

each time may be calculated.    An example of this type of calculation is 
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given in reference 9, where the flutter and divergence speed margins are 

presented in Figures 9 and 5 respectively of reference 9.     It should be noted 

that both the flutter and divergence speeds are fictitious quantities, since 

they are speeds computed from the stiffness of the wing at a particular instant 

in its flight mission and not from the stiffness corresponding to flight at the 

actual flutter or divergence speed.    Such a fictitious speed is useful in indi- 

cating the flutter or divergence margin, and a point of intersection of a 

flutter or divergence curve with the flight mission curve would correspond to 

a real flutter or divergence point respectively. 

From the criteria selection standpoint,  the pertinent factor is 

that for a given aircraft the flutter   and divergence speed margins are not only 

a function of the velocity and altitude at a given point on the flight path but 

also of the altitude and velocity time histories prior to ibis point.    Thus, the 

envelope type design criteria as illustrated in Figure 1(a) of MIL-A-8870(ASG) 

will either have to be replaced or modified to include the change in rigidity 

associated with the several ways in which a given airframe is expected to 

reach a given altitude-Mach number combination.    Eventually, the envelope 

type flutter and divergence criteria should be replaced by a mission type 

analysis such as that discussed above, and illustrated in Figure 4. 3.    The 

lower curve in Figure 4.3 gives the value of the rigidity parameter for the 

actual wing as a function of Mach number for a given mission profile. 

Essentially,   it is a time history of the rigidity parameter for the mission 

defined in terms of altitude and Mach number.    The upper curve gives the 

value of the rigidity parameter required for occurrence of bending-torsion 

wing flutter.     The difference between the two curves represents the flutter 

margin.    Again,  note that the flutter margin is a fictitious quantity as it is 

computed from the stiffness of the wing at a particular instant during the 

mission, and not from the stiffness associated with the actual flutter speed. 
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In addition  to  the above,   the  following  recommendations 

are suggested. 

I. That the 1. 15 Ve   margin as presently specified In 

MIL-A-8870(ASG) should be maintained. The most 

common significant deviation from the mission flight 

path will still be in velocity, and, as is shown pre- 

viously, due to the slow response of the structural 

temperature to a Mach number change, this velocity 

overshoot will not significantly change tfie rigidity of 

the lifting surface; hence the stiffness values computed 

for a given V      will be valid for a  1. 15   V    overshoot. e e 

2. That paragraph   3. 1. 1 of MIL-A-8870(ASG) be modified 

to read, for example,  as follows:       "There shall be no 

flutter,  buzz,  or other related dynamic instabilities    or 

divergence of the airplane or its components at all speeds 

up to 1. 15 Vj^   for all design ranges of altitudes, maneu- 

vers, and loading conditions.    To assure safety,   it shall 

be shown by analytical or experimental data or both that 

an increase of fifteen percent in equivalent airspeed at 

all points on the altitude Mach number time history for 

each mission to be performed by the airplane will not 

result in flutter or divergence.     The values of rigidity 

used to calculate the flutter or divergence boundary at 

a given point during a mission shall include any change 

in rigidity due to thermal conditions associated with the 

point.     In addition the damping ..." 

It should be noted that the above possible 

proposed requirement includes the existing requirements 

specified In paragraph 3. 1. 1 of MIL-A-8870(ASG). 

Also,  the phrase "change In rigidity due to thermal 
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conditions" should be interpreted to include the effects 

of thermal elastic and plastic buckling on rigidity as 

well as the more obvious efft^ts of thermal ^tress and 

material property degradation. 

4. 3.4   Fatigue and Creep Design Requirements 

A detailed knowledge of the number of cycles at various load 

levels and temperatures is necessary to evaluate the fatigue and creep charac- 

teristics of a given structure.     In addition, a knowledge of the strain rate at 

various temperature and load levels is necessary,    as an afrframe subjected to 

transient aerodynamic heating will experience thermal strain in addition to 

thermal stress.     In the elastic case there is no difference in fatigue under 

strain cycling and fatigue under stress cycling.     In the high temperature 

range, where creep deformation plays an important role,  a constant strain 

will mean a gradual relaxation in stress.     Hence,  there is an important differ- 

ence between strain cycling and stress cycling,  and a knoweldge of when each 

occurs during the operation of the flight vehicle is essential.    This implies a 

detailed knowledge of the mission profiles for the vehicle.    The picture is 

further complicated by the fact that fatigue and creep laws are rudimentary 

and inadequate,  and that fatigue-creep interaction effects are virtually un- 

known. 

In the case of the elevated temperature fatigue design criterion, 

a stress-temperature spectrum must be defined in much the same way as the 

load spectrum is defined in MIL-A-8866(ASG) for room temperature fatigue. 

The temperatures associated with each load level will have to be selected 

on the basis of mission analyses.     A possible method of accomplishing this is 

outlined in reference 12. 

The establishment of a detailed creep design requirement would 

be difficult due to the complexities discussed above. Also, the selection of 

a criterion to be applied in determining when the structure must be discarded 
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as a consequence of creep distortions is a matter tu be decided in each 

individual case.     Hence,   it is recommended that the structural design 

specification simply call out a requirement to the effect that the perman- 

ent deformation of the structure shall not be so large as to render the air- 

frame unsatisfactory from an aerodynamic or control point of view. 
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CHAPTER V 

SAFETY   FACTOR  CONSIDERATIONS 

5. 1    Introduction 

The previous chapter discusses the problem of selecting 

critical conditions to use in the structural design of airframes subjected to 

aerodynamic heating.    Possible structural design requirements are suggested 

for each of the three basic areas of structural integrity — strength, stiffness 

and life.     The purpose of this chapter is to discuss the nature and magnitude 

of possible safety   factors   to be applied to these structural design require- 

ments.    Before this can be accomplished,  however,   it is necessary to 

investigate the effectiveness of the safety factor in providing an adequate 

level of structural integrity (i. e. , a sufficiently low probability of failure) 

in the case of existing nonheated airframes.    Using this information,   in 

conjunction with a knowledge of the effects of aerodynamic heating on 

airframe strength,  stiffness and'life,   it is possible to determine the applica- 

bility of the safety factor concept to heated airframes. 

The following section of this chapter discusses the safety factor 

concept as applied to extant airframes.     The final section discusses the 

safety factor as applied to heated airframes, and makes several recommen- 

dations in that regard . 

5. 2   Safety Factors as Applied to Nonheated Airframes 

The present structural design criterion specifies strength require- 

ments by establishing a level of static strength using specified loading conditions 

(due to aerodynamic and inertia forces) called limit loads, which are supposed 

to occur about once in the life of the airframe.     The ultimate Joad (at which 
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failure  of  the structure   is permissible)   is the  limit load  multiplied  by a 

1.5 factor of safety.    This safety factor is intended to provide for unknown 

deficiencies in strength as well as for unpredictable incidents producing 

excessively severe loads.     In essence,  the safety factor is provided to help 

keep the probability of failure of the airframe below a tolerable level.    The 

effectiveness of the safety factor in this regard must be established. 

The I. 5 safety factor was original ly proposed to allow for 

unknown factors such as stiffness and life as well as inadvertent strength 

deficiencies (Ref.   3).    The modes of failure associated with stiffness and 

life were essentially unknown as such and not accounted for in the design 

procedure.    Aircraft exhibited limited performance capabilities and were 

designed to accomplish a broad array of missions; hence,   it was difficult to 

establish critical  loading conditions upon which to base limit loads for 

strength design.    As a result,   limit loads were  in general high, (particularly 

for fighters where ultimate positive load factors were based on human capa- 

bilities to withstand acceleration).    Speeds were low enough to preclude 

any aeroeiastic phenomenon   (Ref.   2), and the  1. 5 safety factor,   in conjunc- 

tion with the yield stress-limit load requirement,  had the effect of restricting 

the stresses at load  levels which were often reached in service (Ref.   19). 

This was a satisfactory,   if inadvertent,  method of preventing fatigue.     In 

summary,  for low performance aircraft,  the 1.5 safety factor as applied to 

the limit load was satisfactory in preventing structural failure due to inade- 

quate strength,  stiffness or life characteristics.     Stiffness and life design 

conditions were not required; hence,  there were no safety factors associated 

with these phenomenon. 

As airplane performance (particularly speed)  increased,   it became 

obvious that airframes could not be structurally designed on the basis of strength 

alone.     It became necessary to include stiffness and life considerations in the 

design process (Refs.   2 and 3).    The 1.5 safety factor on limit load continued 

to supply a sufficient level of static strength, but it no longer guaranteed 

satisfactory stiffness integrity or fatigue life (Ref.   19); hence design criteria 
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for stiffness and life were established.      The stiffness design criteria incor- 

porated its own safety factor on the design flutter and divergence speeds 

(see Chapter IV of this report) while fatigue, being a more subtle and less 

understood mode of failure,  did not prove amenable to the application of a 

simple multiplying safety factor.    By prescribing,  for example,  that the gust 

loading spectrum for fatigue shall  include at least one percent of the airplane's 

life at sea level,  equivalent "safety factors" are inherent in the fatigue 

specification.     It is impossible at present to determine the effectiveness of 

such an indirect safety factor, as insufficient operational data is available 

for evaluation.     However,   it is certainly a rational requirement as a relatively 

small  increase in the percentage of actual flight time at sea  level can signifi- 

cantly reduce the fatigue life of an airframe. 

in spite of the fact that the T.5 safety factor was originally 

established in part to allow for unknown phenomena    that are now more or 

less rigorously investigated,   the full value of the  1.5 factor is maintained. 

The need for this is questionable, as the modes of failure associated with 

stiffness and life are now specifically included in the structural design pro- 

cess.    Reference 19 suggests a method for determining the magnitude of the 

safety factor necessary to account for discrepancies between actual strength 

and required strength,   i. e. ,   the safety factor magnitude necessary to provide 

a sufficient level of structural strength integrity.     Essentially what is done is. 

to determine the magnitude of safety factor needed to keep the probability 

of strength failure below a certain tolerable limit.    Tkiis probability of failure 

depends on 

(a) the probability of occurrence of various load levels, and 

• (b) the scatter of actual aircraft strength. 

This may be expressed mathematically as 

o (5.1) 
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wh ere 

fx - probability per flight hour of exceeding a  load   x 

a
x = probability of aircraft strength being between   x 

and   x + dx 

P = probability of strength failure per flight hour. 

The probability distribution   f      is essentially a  limit  load spectrum while 

the frequency distribution  a      is a function of the various uncertainties 

with respect to airframe strength.     These include such  items as ignorance 

of allowable stresses,   ignorance of actual material properties,  imperfect 

simulation of applied loads in static test,  manufacturing errors, deficient 

maintenance,   etc.     It is not necessary to formulate an all inclusive list for 

purposes of discussion. 

By assuming a broad range of values for   a      and   f     ,     refer- 

x x ' 
ence 19 shows that a safety factor of 1.2 would insure a sufficient  level of 

strength integrity  providing the present levels of accuracy of load specifi- 

cation and design strength attainment are maintained.      This conclusion is in 

a sense corroborated in that operational experience accumulated by aircraft 

of various types indicates that there have been very few static failures in 

flight (Ref.   3).    Also,  a brief but revealing investigation of Navy airframe 

failure records indicates that there has been little,   if any,   increase in 

strength failure rate with increased aircraft performance. 

Of course,   it is impossible to state v&ith assurance that an 

adequate level of structural integrity could be maintained by lowering the 

safety factor to 1.2.     Even with stiffness and fatigue criterion written into 

the design specification,  new methods of construction and new materials 

introduce design uncertainties that are impossible to predict.    Also,   there 

is a possibility that lowering the safety factor to 1.2 would have an adverse 

effect on the  low cycle-high stress life of a high performance fighter.     It is 

difficult to predict the cumulative damage due to this phenomenon.     However, 

on the basis of the best predictions possible,   the Indications are that the 
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safety factor   for  nonheafed airframes  could  be   lowered   to   1.2.     The 

stiffness criteria calls out its own safety factor in defining aeroelastic 

instability margins,   and fatigue analysis and tests are mandatory.     This, 

coupled with careful design and test,   certainly removes a large burden 

from the 1.5 safety factor as applied to the limit load. 

It is important to note that a trend is discernible.    That is, 

as airplane performance increases,   less and less reliance can be placed 

on an overall safety factor applied to the limit load.     Basically,  the only 

rational function performed by the safety factor as applied to the limit 

load is to cover inadvertent strength inadequacies - it is an indirect, 

ineffective and irrational method of providing adequate stiffness and life 

structural integrity.    Modes of failure associated with stiffness and life 

must be designed for directly, with their own margins or factors of safety. 

This trend in general continues for the case of airframes subjected to aero- 

dynamic heating. 

5. 3    Safety Factors as Applied to Heated Airframes 

Consider now the applicability of the safety factor concept 

in the structural design of heated airframes; in particular with respect to 

strength, stiffness and life design requirements. 

5.3. 1    Strength Design Safety Factors 

Obviously some magnitude of safety factor must be utilized in 

the strength design of the heated structure.    Manufacturing errors, deficient 

maintenance,  etc.   represent a design uncertainty — probably  of the same 

order of magnitude as in the case of the nonheated airframe.     The previous 

section of this chapter indicates that a safety factor of 1. 2 applied to the 

limit load would insure adequate strength for a nonheated airframe.     In the 

case of the heated airframe three questions   must be answered.     First,  how 

many «afety factors should be specified; second, where should the safety 

factors)   be applied; and third, what magnitude of safety factor(s) should be 
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incorporafed.       The  answers   to  fhese   three  questions are discussed 

below. 

It is desirable that,  as is the case with nonheated structures, 

a single numerical strength safety factor be specified.    In the case of non- 

heated structures it is applied to the limit load,   i. e. ,  to the aerodynamic 

and inertia  loading experienced by the alrframe.    This limit load safety 

factor is intended to cover not only inaccuracies In estimating the loading 

applied to the alrframe,  but also a plethora of other possible sources of 

inadequate strength.     It is simply applied to the limit load as a matter of 

convenience as it would be too complex to specify individual safety factors 

for errors in limit load estimation,  allowable strength,  manufacturing,  etc. 

This process of applying a single "lumped" safety factor has been successfully 

used for years; there is certainly no apparent reason why aerodynamic heat- 

ing effects should suddenly invalidate the concept.     Specification of a dual 

safety factor would unnecessarily complicate the design process,  and could 

conceivably lead to confusion.     In this regard it should be noted that several 

papers on the subject of design criteria for heated aircraft recommend that 

an additional safety factor be applied to the thermal effects (e.g. ,  Ref.   16). 

It is not felt that this Is justifiable for several reasons. 

First,   the probability of exceeding the design structural temperature 

distribution is much lower than that of exceeding the design limit load factor. 

The design limit load factor can be exceeded simply by encountering a  large 

gust or performing a violent maneuver, but it is difficult to exceed the design 

temperature distribution as any sudden,  unpredictable change in aircraft velo- 

city or altitude (with subsequent return to a desired velocity and altitude) is 

not reflected as a change in structural temperature.    This is due to the thermal 

time lag associated with the structure and is discussed  in Chapter IV and 

Appendix A of this report.    Thus,  one of the main reasons for the specification 

of a safety factor (I. e. ,  allowing for the structural consequences of an unpre- 

dictability in the environment of the aircraft) has been mitigated to a great 

degree. 

ASRL TR 73-6 37 



e 

Second,   the primary strength effects of aerodynamic heating are 

thermal stresses and material properties degradation.    Thermal stresses con- 

tribute to the total stress in the structure, while material properties degradation 

influences the structural allowables.    At present (i. e. ,  for nonheated structures) 

there is no additional safety factor specified for stress distribution and allowabl 

strength, as all inadequacies with respect to these two phenomenon are covered 

by the 1.5 limit load safety factor.     It would certainly be inconsistent to 

specify   an additional safety factor to be applied,  for example,   to just the 

thermal portion of the stress distribution and not to the total stress distribution. 

Third,  the effectiveness of a safety factor applied to either the 

temperature distribution or the thermal stress distribution is doubtful.     The 

application of a safety factor to the temperature distribution will net necessarily 

result in a more conservative value for the elastic thermal stresses.    The impor- 

tance of accurately determining the temperature distribution is discussed in 

reference 20,  where it is shown that in some cases conservative temperature 

distributions (e.g. ,  safety factored temperature distributions) yield unconservative 

thermal stresses.    This clearly indicates the difficulty in applying a safety factor 

to a temperature distribution.    Reference 21  indicates the importance of utilizing 

the correct method of calculating thermal stresses.    The conventional approximate 

beam thermal stress analysis yields an erroneous result compared to a more sophis- 

ticated analysis.    Multiplication of the stresses found by an inaccurate method 

by a safety  factor would not necessarily be conservative in comparison with 

the unfactored exact results. 

Now that the inadvisability of specifying an additional safety 

factor for thermal effects has been established on answer can be given to the 

question of where the recommended single numerical strength safety factor 

should   be applied.    The answer is quite simple.    The safety factor is presently 

applied to the limit load; this practice should be continued in the case*of air- 

frames subjected to aerodynamic heating.    The limit load safety factor has 

provided an adequate level of strength integrity in the past,  and the authors 

see no reason why the advent of aerodynamic heating should negate this 
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effectiveness.    Furthermore, as is pointed out above,   the primary strength 

consequences of aerodynamic heating are thermal stresses and material prop- 

erties reduction,  which contribute to the total stress in the structure and the 

material allowables respectively.    As inadequacies in these two design fac- 

tors are at present covered by a limit load safety factor,   it is certainly 

logical to assume that they could be adequately covered by a  limit load 

safety factor in the case of heated airframes. 

The only question remaining to be answered is that concerning 

the magnitude of the safety factor to be specified.     Section 5. 2 indicates 

that a 1. 2 safety factor might be adequate for nonheated airframes.     It is 

doubtful that this would be the case for heated airframes as several new 

uncertainties enter the design picture.     First,   the design allowables are a 

function of the temperature dependent material properties (Young's modulus, 

yield stress and ultimate stress) and are thus a function of the temperature 

distribution within the structure.     This certainly decreases the accuracy with 

which the allowable stress at a point in the structure can be determined,  as 

errors in temperature distribution are reflected as errors in allowable stress. 

Also,  different   regions of the same part will be at different temperatures, 

thus further complicating the allowable stress prediction.    Second,  one of 

the primary reasons for the adequate strength level of existing aircraft is the 

static test.    Techniques and methods for testing nonheated structures have 

developed to a state where the operational strength adequacy of the structure 

can be accurately demonstrated in static test.    This may not be the case for 

heated structures due to the difficulty in predicting the temperature distribution 

in the structure and then simultaneously simulating thi^s temperature distribution 

and the airloads.     In essence,  aerodynamic heating effects will probably in- 

crease the scatter of actual aircraft strength,  thus adversely affecting the 

probability distribution   a^    of Eq.   (5.1).     Hence,  a safety factor in excess 

of T. 2 will be required. 
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Reference 3 suggests that it should be possible to cover these 

additional uncertainties due to aerodynamic heating within a  1.5 safety 

factor.     It is probable that this is true,  particularly if a factor of I. 2 would 

be adequate for nonheated structures.    Also, as is pointed out previously  in 

this section,  there is little need for the safety factor to allov» for changes in 

structural temperature distribution due to unpredictable changes in aircraft 

velocity and altitude.    Thus, with regard to thermal effects,  the safety fac- 

tor need only provide for the scatter in aircraft strength. 

In view of the above,   it is recommended that the T. 5 safety 

factor as applied to the limit load be maintained,  and that no additional 

safety factors be incorporated in the strength design of heated airframes. 

The strength design requirement should be such that the structure must be 

able to withstand  1. 5 times the limit load,   taking into account the unfac- 

tored strength loss due to thermal effects.     This is illustrated   in Figure 5. I. 

The selection of critical thermal design conditions in this regard is discussed 

in Section 4. 3. 2. 

5. 3. 2   Stiffness Design Safety Factor 

The desirability of maintaining the 1. 15 Ve safety margin in 

the stiffness design requirements is discussed in Section 4.3.3 of this report; 

further elaboration is not necessary. 

5. 3. 3    Life Design Safety Factor 

Thermal fatigue and creep are not amenable to the application 

of a simple multiplying safety factor.    As is pointed out  in Section 5. 2,  a 

correct approach to this problem has been initiated in the case of fatigue, 

wnere the one percent at sea level requirement has been established.    Before 

similar requirements can be written for thermal  fatigue and creep,   thermal 

and load spectrums must be determined from future planned mission requirements 

to facilitate the selection of critical design spectrums.     Particular emphasis 

should be placed on the low cycle-high stress thermal fatigue problem. 
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CHAPTER  VI 

CONCLUSIONS AND RECOMMENDATIONS 

6. T    Introduction 

Most of the conclusions and recommendations resulting from 

this study are stated where they were developed in the previous chapters 

of this report; hence,  they will not be repeated here.    However,  several 

general conclusions,   along with some additional recommendations not 

presented previously,  are given below. 

6.2   General Conclusions • 

1. In general  it appears that airframes subject to aero- 

dynamic heating can be designed with adequate strength 

and stiffness characteristics by using currently available 

methods of determining the effects of elevated tempera- 

ture on strength and stiffness.    The 1. 5 limit load safety 

factor and the  1. 15 aeroelastic speed margins should 

adequately cover respective inadequacies in this regard. 

In essence,   it is felt that the strength and stiffness design 

of heated airframes wi II not present any major problems, 

particularly when load level statistics become available. 

In the future it may even be possible to reduce the 1. 5 

safety factor,  although this is not recommended at present. 

This would be desirable as with increased performance 

each pound of structural weight must be justified,  and 

a reduction in safety factor would significantly lower the 

structural weight.    This is of particular importance in 
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missile design,  where the percentage of gross weight 

allocated to the structure is lower than in the case of 

manned aircraft. 

2. The problem of designing heated airframes with adequate 

life characteristics will be of paramount importance. 

Fatigue and creep design conditions must be determined 

and included in the design criteria.    Until this is accom- 

plished,   it is difficult to visualize the procurement of 

heated vehicles with consistently adequate fatigue and 

creep characteristics.     The procuring agencies should 

initiate efforts in this direction as soon as possible. 

6.3   Additional Recommendations 

I. Possible methods of demonstrating compliance with a 

design criteria should not be written into the design 

specification.     The purpose of the design criteria is 

twofold; first,  to force   the designer to consider pertin- 

ent structural design problems,  and second,  to promulgate 

a design condition (i. e. , what to design for) for each of 

these problems.     Methods of demonstrating compliance 

should be chosen (or developed) and utilized in each 

case by the airframe manufacturer in a manner such that 

compliance with the specification is demonstrated to the 

satisfaction of the procuring agency. 

2. Any new criteria should be evolved independently of 

any proposed or extant structural testing criteria.    Design 

criteria should not be influenced by the limitations inherent 

in test criteria; in fact,   test criteria should be evolved 

in the light of design criteria,  not vice versa.     In essencfe, 

allowing test criteria to influence design criteria would 

have a confining influence. 
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APPENDIX A 

THE THERMAL RESPONSE OF AN  INSUIATED 

PLATE OR CYLINDER TO A HEAT  IMPULSE 

APPLIED UNIFORMLY ALONG ONE EDGE 

A. ]    Introduction 

The notion that changes of temperature within a body are 

dependent on time is clear cut.    Exactly what this dependence is   is often 

obscured.     In order to show this dependence in a relatively simple manner, 

a one-dimensional example has been chosen which indicates how long it 

takes for a thermal shock, as reflected by the temperature distribution,  to 

reach equilibrium. 

A. 2   Mathematical Formulation of the Problem 

Consider the plate of span   b,    chord   c,    and thickness 5,• 

or the circular cylindrical shell of radius   b/2Tf,     length    c,     and 

thickness   6,    shown in Sketch A. 1. 

/>.C   ,K 

SKETCH   A.I 
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All surfaces and edges of either configuration   are assumed 

to be adiabatic walls except for one edge of each (the edge of each fig- 

ure shown in the sketch which is nearest the reader) which is adiabatic 

except when a heat impulse,    Q ,    is applied to it. 

The material of the structure is assumed to have properties as 

follows which are constant:   density/»   ,    specific heat   c    ,    and therma'l 

conductivity   K.    The thermal diffusivity,   a2,    is defined^s 

<**  = 

(A.I) 

Since the thermal analysis of both configurations is identical, we proceed 

by considering the heat conduction equation 

7- =  ^ ^   t^   ^ 
(A. 2) 

The temperature is only a function of the space variable x . It does not 

vary through the thickness or, in the case of the plate, along the span. 

Equation (A. 2) may be written 

/"=   ^^   / 
(A. 3) 

wh ere 

(A. 4) 
and 

7—"- 

(A. 5) 
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The equation is variable separable and the solution  is assumed 

in the form 

m(x* AJ - 
^ —o 

T: w Ai- ex) 

Substituting each term of the series composing the right hand side of 

Eq.   (A. 6)  into Eq.   (A. 3) yields the following 

X: A-. 

or 

71 + A: Tl   = X^ A. 
««r" 

x* ^o 

Equatiojis (A. 8) are satisfied by the following expressions for 

^ =o 

Z7 = 
^•e. 

^ c:o5> 3Z ^^    X-*^'"/^* 

(A. 6) 

(A. 7) 

(A. 8) 

(A. 9) 

The constants   A  ^ ,    A.,    and   B.   are specified according 

to the boundary conditions and initial conditions.     The assumption that the 

edges of the plate (or cylinder) are insulated may be stated 

(A. 10) 
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SubsHtuting Eq.   (A. 9) into Eqs.   (A. 10) one finds 

and 

Recalling that 

7~C*^J~ H 

(A. 11) 

-&U:  = o (A. 12) 

Consequently,   Eqs.   (A. 9) reduce to the set 

(A. 13) 

(A. 14) 

and substituting Eq.   (A. 13)  into Eq.  (A. 14) one obtains a convenient 

expression for the temperature 

The coefficients   A    ,   A      must be determined by considerinq the initial 
o '       n ' a 

conditions.    At   t = 0   the temperature distribution is given by [according 

to Eq.  (A. 15) ] 

(A. 15) 

r-c^oj = ^o -^ JET^a 
"'■" (A. 16) 
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The introduction of a quantity of heat   Q   at the "leading" edge,   in the form 

of an impulse, does not alter the fact that the temperature is zero every where 

but at the leading edge.    The temperature distribution everywhere but at the 

leading edge is thus 

(A. 17) 

The temperature singularity existing at the leading edge is best described 

by the following Stiltjes integral which is arrived at'by consideration of the 

principle of conservation of (thermal) energy.     Consequently the initial 

temperature distribution is completely specified by the equations • 

/"** {   z-froj c/*r   =   —_  

(A. 18) 

The initial temperature distribution as given above may be expressed as a 

linear combination of the space dependent eigenvectors of the partial differ- 

ential equation and the aforementioned boundary conditions.     In other words, 

the coefficients   A0,    An    appearing in Eq.  (A. 16) are determined by the 

temperature distribution as given above in Eqs.   (A. 18).    The linear combin- 

ation of eigenvectors is readily recognized as a simple Fourier cosine series. 

The coefficients   A    ,   A       of this series are readily determined by the usual 

relations for coefficients of a Fourier series.    This yields 

*d-v 

and 
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</ (A. 20) 

These two equations yield 

4*   - 

^~    ^ 

a> 

/?=-/** ■■ ■ (A.21) 

Substituting Eqs.  (A.21)  into Eq.    (A. 15), we have the final desired result. 

ad 

f^c^crSJ-l 

-(■"gajt 
r-fr*1 - jf ■ -''^^y*-'      **>*■%?■* 

(A. 22) 

A. 3   Conclusions and Some Numerical Examples 

The results obtained from Eqs.  (A, 22) are shown in graphical 

form in Figure A. 1.     In this figure the quantity   T(x , t)    divided by 

Q/ />    c    cb6     has been plotted versus the nondimensional characteristic 

length   x/c.     The nondimensional temperature distribution is shown at six 

separate times. 

**?ry >     ^J- ■= c30 

(A. 23) 
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Referring to the figure,  one sees that by time   t~    the 

temperature distribution caused by this severe shock has pretty well smoothed 

out.      t .    is chosen arbitrarily as the characteristic time of this element.    The 

characteristic time is given as 

^   = 

(A. 24) 

The important conclusion   to be drawn from this analysis is that 

as long as the heat pulse is distributed uniformly over the surface of appli- 

cation, the temperature distribution depends on only one distance parameter 

which may be termed the characteristic.length.    This characteristic length is the 

length of the configuration along the direction of the heat flow.     In the 

examples cited this dimension is   c .    (See Sketch A. 1)    The analysis could 

just as well have been done by considering the heat pulse to be applied 

uniformly to the surface.     In this latter instance the characteristic length 

would be 5 . 

It is Interesting to compare the "characteristic times" for a 

typical plate.    One characteristic time Is associated with application of 

a heat pulse along the leading edge and the other characteristic time Is 

associated with application of a heat pulse to the upper or lower surface of 

the plate (Inner or outer surface In the case of a cylinder).    For a stainless 

steel plate with the following dimensions the characteristic times   t . 

and    tic    are given below.     These are the times it would take    a tempera- 

ture distribution caused b^ a heat impulse applied along the leading edge 

and along one surface,  respectively,  to attain the shape identified as   t * 

In Figure A. 1. 
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b = 22 ft. 

c =    7 ft. 

5 =    8 in. 

K = 2. 18x 10"4BTU/in.   sec. 

-P = 0. 286 lbs/in3 

CP 
= 0. 118 BTU/lbs0F 

'lc =  31. 06 hours 

NR = 16. 73 minutes 

As a result of the above,  it seems plausible to assume that no 

significant change will occur in a temperature distribution during a correct- 

ing,  noncritical return to the specified flight path, and certainly the time 

for a significant change to occur is longer than any characteristic vibration 
period. 
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APPENDIX B 

STATISTICAL GUST  LOADING  CRITERION 

Reference ]8 suggests a design criterion for a heated airplane 

from the probability of failure view point.    When the gust velocity criterion 

is applied to an airplane which is at elevated temperatures during part of 

its flight,   the problem that arises is the determination of the temperature 

to use in evaluation of material allowabies for design.     If the highest temp- 

erature attainable is used in the calculation of allowables,  then this will 

certainly result in a safe design.      However,  a more logical and less stringent 

requirement would be to make the chance of failure of an airplane encounter- 

ing gusts at elevated temperature equal to an established probability criterion. 

This probability criterion could be established by calculating the probability 

of failure of an airplane,  designed by existing gust criterion which encounters 

gusts at room temperature only.     It is then possible, by a trial and error pro- 

cedure to find the temperature that will make the probability of failure the 

same.    This temperature is the design temperature. 

The following is a procedure of estimating the probability of 

failure as a result of encountering gust loads.     This method is subject to 

certain simplifying assumptions.     These are 

1. The gust loads can be represented as a stationary time 

series of a normal distribution, where the root mean 

square value varies in intensity. 

2. The alleviation factor and the transfer function can 

be calculated using only one condition of Mach num- 

ber and altitude. 
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3. The design load factor is assumed to be the result 

of gusts at this altitude and Mach number. 

4. The stress is proportional to the load factor.    The 

temperature distribution is for a point of maximum 

stress. 

For a stationary time series of a normal distribution,  the number 

of maximum values of   y(t)    per second exceeding any given value   y 

is given by 

r 
*&)- \#- 

where 

-y.y* ^?cr 

J 
y(0 a random variable 

frequency 

power spectrum of   y( t) 

root mean square value of   y( t) 

By letting   y( t)     be the acceleration of the airplane due to 

gusts,   it is possible to find the number of peak accelerations per second 

above a given value "a".    When the root mean square value of gust velo- 

city is varying as In the case of actual turbulence,   the number of peak 

accelerations per second in excess of "a"   is given by 

(B. 1) 

-2X s-z-^  )Z 

^y^J-^/^^j^ 
-d/Zfrf <Tc,J 

(B.2) 
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where 

At / 
^zr 

fco z & faJ/9 fajetu 

J&v (cuj/? Y^JSw 

is the total number of peak acceleration per second of all magnitudes. 

f(o-  ) 
u 

cr"u 
A(co) 

^(co) 

is the distribution function  of the 

root mean square gust velocity, 

is the root mean square gust velocity, 

is the transfer function of the airplane. 

is the power spectrum of the gust 

velocity. 

^ 

With these equations it is possible to determine the number of 

accelerations above any given value.     If the given value of acceleration 

is the limit value that the airplane is designed to withstand,  then the 

number of accelerations above this value wil! be the probability of failure. 

If the design limit acceleration is high,   the probability of failure is low. 

And conversely,   if the design limit acceleration is low, the probability of 

failure is high. 

The method of establishing the equivalent probability criterion 

corresponding to an established discrete gust criterion is as follows. 

First,  find the maximum acceleration the airplane must withstand 
to survive the discrete gust of the specified magnitude.    The discrete gust will 

usually be a fifty foot per second gust of a one-minus-cosine profile.    The 

value of the maximum acceleration will be found using one altitude and 
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Mach number.    Then,  calculate the number of accelerations per second 

the airplane will experience in excess of this maximum acceleration.    This 

number is the probability of failure criterion. 

To illustrate the criterion,   consider the following example. 

Find the design criteria for a rigid airplane subjected to gust loads and 

elevated temperatures.    Select the design temperature and load factor so 

as to make the chance of failure of the above airplane the same as the chance 

of failure of an airplane (different in strength but similar in all other respects 

to the above airplane) designed to encounter the same gust loads at room 

temperature. 

Let the airplane designed for gust and elevated temperatures 

be airplane number one.    This airplane is designed by load factor a  , , 

applied at room temperature or by load factor a  , «   applied at the design 

temperature   T i.    Note that when either   a  , ,    or   the    T ,    is found the 

problem is solved. 

Let the airplane designed for gust loads only bS airplane 

number two.    This airplane is designed by load factor   a . ^    applied to 

the airplane at room temperature.    This problem assumes  that   a  ,~    has 

been calculated.    This   may be found by methods of the established gust 

criteria applied at the altitude and Mach number of interest. 

If airplane number two is designed by load factor a , ^ , then 

the probability that a j2 is exceeded, or in short, failure of the airplane 

is given by 

_   CZ.^y/? fa CTZsJ 

</c7Is 

(B.3) 
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The elevated temperature effects the structure by reducing 

the allowable stress.    Define 

(B.4) 

S . = the allowable stress in the structure at 
A 

room temperature 

S = the   allowable stress at temperature 

/■^ T)    = the factor of degradation of allowable stress. 

When designing a structure,   it is necessary to specify the design 

load and the design allowables.     Thus,  the same structure would result if one 

designed airplane number one at room temperature for the design load factor 

a  i ,    or if one designed airplane number oneat   T,    (by "at T." is meant 

designed using the allowable   S     .   = ^7 ( T i )    S .       instead of the 

allowable   SA)   subject to the new load factor ^ ( T ,) a  , , .     This new 

load factor would be less since        ^ ( ^ i )   's 'ess ,''nan one for 

T,   ^   T ,       . 
I room temperature 

During the life of the airplane the fraction of the total time 

that the temperature of the point of interest is between     T      and   T        , r r n n - I 

is (f^n and,   if the total number of temperature divisions is    R, 

then 

A3 

JT  .p- = / 
/•?-/ 

(B.5) 

Consider the chance of failure during the time when   T ^ T 

Then the design load factor which corresponds to this temperature is 

/7( T    ) a J i    and since the gust loads are independent of the airplane 

temperature the chance of failure is 

ASRLTR73-6 55 

n 



<x> 

/vfifTZjcLsJ^f* MfefaJ. <2      ZtWcroJ*       C/CTZ, 

or the total probability of exceeding the design conditions is 
(B.6) 

Mfk^j-y^M 
*?=/ 

-[ICKJCUI/' 
(^?<7Z,J' 

c/<?Z 

Then from the statement of the problem we make 

N(ad2)    =    N'(adl)    or 

a 

(B.7) 

(B.8) 

Thus in Eq. (B. 8) we know all but aj 1 . Thus solve Eq. (B. 8) 

for ad 1 . This is done by a trial and error method. The integrals involved 

must be evaluated numerically. 

It has been shown that it is possible to arrive at the same 

structure two different ways;   first,  by using room temperature allowables 

and a design load factor   ad j ,    or second,    by using the design load 
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factor  of a^   and  material  properties at some  elevated  temperature, 

the  design   temperature (T .). 

Then   Tj    is the solution of 

tCT-J- 
(B.9) 

This leads to the new design criteria for aircraft number one. 

1. Design load factor a  i^. 

2. Design temperature equals   T ,   (temperature 

at which the allowables are calculated.) 

Tj   represents  a  weighted   temperature  penalty   that  results 

in a  design   aircraft  number   one with   the  same   chance  of failure as 

aircraft  number  two. 

Thus,   the method outlined above gives a rational method of 

weighing the added hazard of encountering a gust at elevated temperature. 

This method will lead to a lower design requirement than the straight super- 

position of gust load plus the maximum obtainable structure temperature. 

At the same time the structure will be as safe as an airplane not subjected to 

high temperature which is designed by present gust criterion. 
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APPENDIX  C 

EQUILIBRIUM TEMPERATURE  CONSIDERATIONS 

C. I    Introduction  *  

The dependence of thermal stresses on temperature distributions 

occurring in structures requires a precise description of the temperatures 

themselves before any determination of the stresses can be made.    While 

aerodynamic heating is the primary cause of high temperature aircraft 

structural problems,  considerable alleviation of these stresses and/or 

resultant deflections may be present at higher Mach numbers due to the 

smoothing out of temperature distributions due to thermal radiation. 

The detailed analysis of how temperature distributions might 

be alleviated by thermal radiation should consist of two parts:   the first 

part demonstrating the reduction in temperature at a particular point attri- 

butable to thermal radiation and the second part showing how the temperature 

gradients in the structure are smoothed out.    The second part is not attempted 

in this analysis   as it is a function of a specific structural configuration. 

To demonstrate how much local temperatures can be lowered as 

a result of radiation a simple model has been chosen and is described below. 

Figure C. 1 shows the results of the calculations based on this model. 

C. 2   The Mathematical Model 

The model consists of a thin (temperatures are constant through 

the thickness) flat plate "flying" at zero angle of attack in the earth's 

atmosphere.    For the purposes of   these calculations the plate is permitted 

to fly at altitudes of from 0 to 90,000 feet and at a variety of Mach numbers 

ranging between Mach 1 and Mach 6. 
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The temperature at a pomt one foot aft of the location where 

the flow over the plate changes from laminar to turbulent is determined from 

the requirement that the convective heat transfer to the particular point on 

the plate is equal to the radiative heat loss from that point per unit time. 

The temperature of the point determined in this way is termed the equilibrium 

temperature,    T 
w 

Consider the differential element of a plate shown in the sketch 

below. If the element is in thermal equilibrium, the principle of conserva- 

tion of energy requires that 

r/>7  COTrecT+trc.     — /fssf   CotaSvc ■dye    ■/■ a. 

(C.l) 

%, 

^ik ikM ■or 

"oc 

SKETCH    C-l    CONSERVATION   OF 
HEAT   ENERGY   IN   A   DIFFERENTIAL 

ELEMENT  OF A   PLATE 

it is assumed that the heat transferred by conduction is small when compared 

to the other modes of heat transfer.     This permits the following simplification. 

The radiation heat loss is given by the Stefan-Boltzmann law,  namely. 

^o.=    ^ <^   ^ Cv (C.2) 
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In order to show the maximum temperature alleviation the emissivity,    ,£" 

is considered unity.    The convective heat transfer to the system is described 

in terms of the heat transfer coefficient,  h ,    the adiabatic wall temperature, 
Taw '    and the equilibrium  temperature of the point in question,    T 

" l (C.3) 

In reference 22 the heat transfer coefficient for the turbulent 

region of the boundary layer  is given as 

-ys- +/*-„   & srr-s       I a- 

(C.4) 

Assuming air behaves as a perfect gas the adiabatic wall temperature may be 

written 

-//^ ^f^jAlf 
(C.5) 

The heat balance equation thus becomes 

JJ     / '   *- ( S S<^r- 

fy-f^t-J^M £ 
Cr^ 

(C.6) 
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Equation (C. 6) must be solved for   T     .     It should be   noticed that the temp- 

erature at any point   x   on the flat plate in the turbulent region of the 

boundary layer may be obtained from this equation.     In this example,  T 

is obtained for a value of    x =  1 foot and for various Mach numbers ranging 

from 1 to 6 and altitudes from 0 to 90,000 feet.    Once the distance   x   has 

been chosen, we have a two parameter system — altitude and Mach number 

being the parameters to be varied.    All the quantities appearing in Eq.   (C. 6) 

which depend on altitude or Mach number are first written in terms of altitude 

and Mach number and then these expressions are introduced into Eq.   (C. 6). 

With this accomplished the equation may be written simply 

(C.7) 

Altitude and Mach number are varied for the computation of   c ,   and   c«; 

then Eq.   (C.7)  is solved by trial and error for   T       using a high speed digital 

computer. 

The essential features of the problem are presented above.    The 

equations which permit the reduction of Eq.   (C. 6) to Eq.   (C.7) are given 

below. 

C. 3    Determination of Various Parameters in Terms of Mach Number and 

Static Temperature 

The parameters appearing in the expressions which determine the 

equilibrium temperature can be written most conveniently in terms of Mach 

number and the static air temperature.    This is done as follows.     Since the 

equilibrium temperature is required for various Mach numbers and altitudes, 

the altitude is chosen first and then the static air temperature is determined 

from the appropriate relation between air temperature and altitude, depending 

on whether the location is in the troposphere or stratosphere. 
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The thermal conductivity of air,    K ,    expressed in units of 

BTU per hour-foot-degrees Rankine may be written as (Ref.  23) 

^ 
/r=ö. OÖ/öp/     7"      (y~+3C2°/?) 

— / 

(C.8) 

The velocity of the airstream   u   may be written (Ref.  24)  in 

terms of the Mach number,  the speed of sound and the absolute temperature. 

U = c-o c^j *w (C.9) 

The air density in the troposphere may be written (Ref.   24) 

The air density in the stratosphere is given as follows. 

(C. 10) 

-/ 
J*s   = fi Soj      f-o.^-^yys? — ^z 

The kinematic viscosity,  J/ ,    is defined as 

?* ~7~t 

(C. 11) 

J/= _ -^ r 
(C. 12) 

Consequently,  from the above result, the kinematic viscosity in the tropo- 

sphere,      ^y     ,   may be written 
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and in the stratosphere the expression becomes 

[4. -tesrsji rVpsJ*,* ' r'^fr^r*. 7'*JJ 

where £>   _        gj^^g-^ 

(C. 14) 
e 

Combining the previous expressions,   the equations for the equilibrium temp- 

erature may be written. 

For the troposphere — 35,000 feet and below 

(C. 15) 
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For the stratosphere — 40,000 feet and above 

oxrefo.oosors Z-^^T^^^-^   '/f^ C?k) ^ 

Mr* /<p^   / - <=>. s-^ ryj-r-^ (ZE^Hy^ + ^ssj^ 

yy  } y     —y*/ •JJI 
t4- 

* r-^j 
o.-f-s- 

Equations (C. 15) and (C. 16) are of the form 

(C. 16) 

Cj    and    C2   are functions of the altitude,  the Mach number 

and the location of the point in question on the plate as detailed above. 

Figure C. 1 shows the ecpilibrium temperature at a point one foot behind 

the transition point for various Mach numbers and altitudes.     Superimposed 

on this plot are the adiabatic wall temperatures corresponding to these 

altitudes and Mach numbers.    The constants used in calculating the values 

for Figure C. 1 are listed in Table C. 1. 

It will be observed that at the point considered the radiation 

heat loss is of little significance below Mach 3.    On the other hand,  at 

Mach 5 and 90,000 feet,  the temperature is reduced from 2105 0R to 

1390   R, while at sea level and Mach 5,  the temperature is reduced from 

2790 0R to 2465 0R. 

(C. 17) 

ASRL TR 73-6 64 



The importance of including the thermal radiation term in 

temperature analyses of aircraft structures (above Mach 3,  for external aero- 

dynan.ic heating)  is demonstrated clearly by the above analysis.    Because 

of the linear dependence of elastic thermal stresses on the temperature one 

would expect an alleviation of thermal stresses corresponding to the alleviation 

in the temperature distribution.    Since the thermal stresses occurring in a 

structure depend on the entire spatial temperature distribution,  and since the 

above analysis considered the temperature at only one point,  the whole 

effect of alleviating the thermal stresses is not presented.    However, similar 

alleviation should be found if an entire structure is considered. 

ASRL TR 73-6 65 



REFERENCES 

!■ Hoff,   N.  J. ,    Editor,      High Temperature Effects in Aircraft 

Structures,    Chapter 9,    Fatigue of Structural Materials at 

High Temperature,    (by B.   J.   Lazan),    NATO,    AGARD 

AGARDograph No.   28,    Permagon Press,   New York,    1958. 

2. Bisplinghoff,  R.   L. ,    Some Structural and Aeroelastic Consider- 

ations of High Speed Flight,    The Nineteenth Wright Brothers 

Lecture,   Journal of the Aeronautical Sciences,    Vol.   23, 

No.  4,   April 1956. 

3- Heath,   B.  O. ,    Design Philosophy for High Acceleration and 

Temperature,    Presented at the Seventh Anglo-American Con- 

ference,    Institute of Aeronautical Sciences Paper No.  59-132, 

New York, New York,    October 5-7,   1959. 

4. Schuh,   H. ,    Transient Temperature Distribution and Thermal 

Stresses in a Skin-Shear Web Configuration ot High-Speed 

Flight for a Wide Range of Parameters,    Journal of the Aero- 

nautical Sciences,    Vol.   22,  No.   12,    pp.  829 -836, 

December 1955. 

5. Schmit,   L  A.    and   Stalzer,  C.   E. ,    The Influence of Aero- 

dynamic Heating on the Structural Design of High-Speed Air- 

craft - Part III - An Appraisal of   Three Factors Which Affect 

Thermal Stresses,   Massachusetts Institute of Technology,   ASRL 

TR 55-3,    November 1955. 

6. Hoff,  N.  J. ,    Editor,    High Temperature Effects in Aircraft 

Structures,    Chapter 10,    Thermal Stresses,    (by L.   Broglio 

and P.   Santini)    NATO,   AGARD,   AGARDograph No.  28, 

Permagon Press,    New York,    1958. 

ASRL TR 73-6 66 

i 



7|f Budiansky,  B.    and   Mayers,  J.    Influence of Aerodynamic   • 

Heating of fhe Effective Torsional Stiffness of Thin Wings, 

Journal of the Aeronautical Sciences, Vol. 23, No. 12, 

December 1956. 
• 

8. Thomson, R.  G. ,    Effect of Cross-Sectional Shope,   Solidity 

and Distribution of Heat-Transfer Coefficient on the Torsional 

Stiffness of Thin Wings Subjected to Aerodynamic Heating, 

NASA MEMO   1-30-59L,   February 1959. 

9. Hoff,  N.  J. ,    Editor,    High Temperature Effects in Aircraft 

Structures,    Chapter 14,    Influence of Aerodynamic Heafing 

on Aeroelastic Phenomena,    (by R.   L   Bisplinghoff and 

John Dugundji),    NATO,    AGARD,    AGARDograph No.  28, 

Permagon Press,  New York,   1958. 

10. Van der Maas,  C.   J. ,    The Airframe Exposure at High Super- 

sonic Speeds,    Proceedings of the Florida Conference on High- 

Speed Aerodynamics and Structures,    Vol.   II,     ASTIA   Document 

No.   AD 113004,    Gainesville,  Florida,    January 21  -24,   1957. 

11. Mayer, John P.    and    Hamer,   Harold A. ,    A Study of Means 

for Rationalizing Airplane Design Loads,    NACA RM  L55E13a, 

1955. 

12. Martin,  J.   E. ,    et al.    Aircraft Load and Temperature Design 

Criteria Through Simulation and Random Processes,     Presented 

at the Institute of Aeronautical Sciences National Summer Meet- 

ing,     IAS Paper No.   59-86,    Los Angeles,   California,    June 16 - 

19,   1959. 

13. Laning,    J.   H. , Jr.    and Battin, R.   H. ,    Random Processes in 

Aulomatic Control,    McGraw-Hill Book Company,  Inc. ,    New 

York,     1956. 

ASRL TR 73-6 67 



• 

14. Sfalzer,   C.   E.,    The Influence of Aerodynamic Heating on 

the Sfrucfural Design of High Speed Aircraft — Part I - Air- 

plane Performance and Aerodynamic Heating,     Massachusetts 

Institute of Technology,    ASRL TR 55-],   May 1955. 

(Report: CONFIDENTIAL,    Title: Unclassified). 

15. Goldin,  R. ,     Design Criteria for Heated Aircraft Structures, 

Transactions of the ASME,    Vol.   79,  No. 5, p. 980r July 1957, 

16. Symmons, R. W. ,    Design Requirements for Aircraft Affected 

by Kinetic Heating,   RAE Note   Structures A/RWS/F23. 

17. Mills, W.  R. ,    Proposed Gust Design Criterion for Aerody- 

namically Heated Airplanes,    Aeroelastic and Structures 

Research Laboratory, Massachusetts Institute of Technology, 

WADC Contract No.  AF 33(616)-3517,    December 1956. 

18. Thorson,  K.   R.    and Bohne, Q.   R. ,    Application of Power 

Spectral Methods in Airplane and Missile Design,    Journal 

of the Aero/Space Sciences,   Vol.  27,  No.   2,    February 1960. 

19. Van der Neut,  A. ,    Some Remarks on the Fundamentals of 

Structural Safety,      NATO,    AGARD,    Report 155,    Novem- 

ber 1957. 

20. Leech,  J.  W.    and Schmit,   L.  A. ,    The Influence of Aero- 

dynamic Heating on the Structural  Design of High Speed Air- 

craft   — Part V - An Evaluation of Some Approximate Methods 

for Thermal Analysis of a Typical Wing Cross Section,    Massa- 

chusetts Institute of Technology,    ASRL TR 73-2,    September 1957. 

ASRL TR 73-6 68 



21. Leech, J.  W. ,    The Influence of   Aerodynamic HeaHng on the 

Structural Design of High Speed Aircraft — Part VII - An Ana- 

lysis of the Thermoelasfic Behavior of Thin Cylindrical Shells 

Subjected to Several Types of Loading,    Massachusetts Institute 

of Technology,    ASRL TR 73-4,    September 1958, 

22. Landis,  F.,    Coppage,  J.   E.    and   Quinville, J.  A., 

Convective Heat Transfer to Aircraft Structures in Supersonic 

Flight — Part 3 ~ Design Summary,    Northrop Thermodynamics 

Report   TDM-94-1,   5 April 1954. 

23. Bloom, M. ,    Thermal Conditions Associated with Aircraft 

in Flight,    Polytechnic Institute of Brooklyn,    Department 

of Aeronautical Engineering and Applied Mechanics, 

January 1954. 

24. Standard Atmosphere — Tables and Data for Altitudes to 

65,8000 Feet,    NACA Report 1235,    1955. 

ASRL TR 73-6 69 



AddiMonal Thermal Problems .Standard Structural Problems 

Internal   temperature 
distribution and time 

at temperature 

Thermal stresses 
or strains _/"L 

Structural stiff- 
ness distribution 

External Pressure 
distribution 

Response of struc- 
ure to an external 

pressure 

Modes of 
structural 
failure 

1 
Aeroelastic  instab- 
ilities and critical 

speeds 

Design criteria 

Airplane design 

FIG.  2. 1 - STRUCTURAL ANALYSIS BLOCK  DIAGRAM 
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FIG.  4.3    FLUTTER    MARGIN   FOR    AIRCRAFT   SUB- 
JECTED   TO   AERODYNAMIC    HEATING 

1 STRENGTH 

ROOM   TEMPERATURE 
STRENGTH   LOSS 
DUE   TO   THERMAL 
EFFECTS 
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 15 LIMIT   LOAD 

1.5 SAFETY   FACTOR 
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FIG. 5.1   ILLUSTRATION OF STRENGTH   DESIGN   REQUIREMENT 
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TABLt   C. 1 

CONSTANTS USED   IN  DETERMINING  FIGURE C. 1 

Parameter 

Velocity of sound af sea  level 

Temperature at sea level 

Recovery factor 

Emissivity 

Stefan-Boltzmann constant 

Temperature lapse rate 

Dimensional constant 

Tropopause temperature 

Gas constant 

Symbol 

a 

G 

T* 

R 

Value 

1116.89 ft/sec 

518.688 0R 

0.88 

1 

0. 17310 BTU/ft2hr 0R 

3.56616 x 10"3   0R/ft 

32. 17405 ft2 

389.988 0R 

1716.49   ft2/sec2   0R 
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